139 LaNQR relaxation rates in La2−xSrxCuO4 for Sr content around 2 and 3 percent are discussed in terms of spin and lattice excitations and of the related ordering processes. It is argued how the phase diagram of La2−xSrxCuO4 at the boundary between the antiferromagnetic (AF) and the spin-glass phase (x = 0.02) could be more complicate than previously thought, with a transition to a quasi-long range ordered state at T 150 K, as indicated by neutron scattering data. On the other hand, the 139 LaNQR spectra are compatible with a transition to an AF phase around T 50 K, in agreement with the phase diagram commonly accepted in literature. In this case the peaks in NQR and anelastic relaxation rates around 150 K and 80 K respectively in La1.98Sr0.02CuO4, yield the first evidence of freezing process involving simultaneously lattice and spin excitations, possibly corresponding to motion of charged stripes.
Introduction
From a variety of recent experiments and theoretical descriptions (mostly motivated by the search of the microscopic mechanism underlying high-temperature superconductivity), it has been realized that the electron system in doped two-dimensional (2D) quantum Heisenberg antiferromagnets (AF) exhibits complicated ordering phenomena. On cooling from high temperatures, first a kind of phase separation is expected to occur, causing the formation of charged stripes separating mesoscopic AF domains [1] [2] [3] . In cuprates, in general, the stripes should exist only dynamically, with slowing down of their motions on cooling. At lower temperatures freezing of the spin degrees of freedom associated to the AF patches [4] causes the formation of a cluster spin-glass state [5] [6] [7] . Furthermore, there is evidence of unusual coupling of the lattice to charge and spin excitations [8] . For instance, 139 LaNMR line broadening, for T ≤ 40 K, in La 2−x Sr x CuO 4 (LSCO) for x = 0.12 (a signature of modulated magnetic order) is accompanied by softening of sound velocity [9] . Neutron diffraction, for 0 ≤ x ≤ 0.3, indicates local tilts of octahedra, interpreted as evidence of charged stripes [10] , the local tilt decreasing with increasing x. a e-mail: campana@nmrvolta.unipv.it andrea@nmrserver.unipv.it
In La 2 CuO 4 -based compounds, charge localization along stripes and spin freezing have been studied mostly by means of NMR-NQR and µSR spectroscopies [11, 12] . In particular it has been argued [13] that, in the underdoped regime of LSCO, when diffraction experiments indicate complete ordering, the stripes are still fluctuating at low frequencies.
LSCO at Sr content around 0.02 is of particular interest, being at the boundary between the 3D-AF and the spin-glass phase [14] . Neutron scattering data [15] indicate that quasi-3D magnetic ordering occurs below about 40 K in the spin-glass state, with a spin structure related to the diagonal stripe structure.
Motivated by this scenario of interrelated lattice and spin fluctuation effects, we have carried out a comparative study of LSCO at x = 0.02 and x = 0.03 based on anelastic relaxation, 139 LaNQR spectra and relaxation. Let us qualitatively recall how slowing down of spin fluctuations and ordering are expected to affect NQR and mechanical relaxation. Holes or charged stripes motions cause a time dependence in the hyperfine field h(t) = i A i S i (t) at the nucleus (S i spin operator at the ith ion, A i hyperfine coupling tensor). When a characteristic frequency ω s becomes of the order of the NQR frequency ω m = 2ω Q or ω m = 3ω Q (ω Q = 2π 6.2 MHz), a maximum in the spin lattice relaxation rate W driven by the local time dependence of h(t) is expected. Below this temperature the stripes move very slowly and local extra magnetic moments µ are induced, associated to the 2D patches of AF correlated regions [4] . On cooling, the cooperative slowing-down of these moments causes a second relaxation mechanism. As common for disordered systems, the correlation function for µ(t) can be written in the approximate form µ 2 exp(−t/τ f (x, T )), with an effective correlation time τ f which increases on decreasing temperature. At the temperature T g (x) where τ f becomes of the order of ω −1 m another peak appears in W . In a long-range ordered AF matrix (in LSCO for x ≤ 0.02) T g should increase about linearly with x, due to the increased strength of the interaction among the µ i 's [6] . On the contrary, for an amount of doping x which destroys the long range AF order (cluster spin-glass phase) T g decreases with increasing x [11, 16, 17] . Finally, µSR and 139 LaNQR measurements pointed out a magnetic transition to a spin-glass like phase well extending into the doping region yielding superconductivity in LSCO and YBCO [7, 18] .
As regards the effects expected in the anelastic relaxation, we recall the following. The elastic energy loss coefficient Q −1 , measured by exciting flexural vibrations, is given by
, where S(ω) is the complex dynamics compliance with unrelaxed value S(∞). The contribution to the imaginary part of the mechanical susceptibility is thus given by
where n is the atomic fraction of relaxing units, each causing a change δλ of the strain and J latt (ω) is the spectral density of the motion causing dissipation [19] . Since the motions of the stripes involve sizeable lattice effects, when the characteristic frequency decreases down to the kHz range, a maximum in Q −1 is detected. Thus, from a combination of anelastic relaxation and of magnetic NQR relaxation, one can in principle probe the lattice and the spin fluctuations associated to the stripe motions. The investigation reported here was aimed at this purpose.
Experimentals results
Two LSCO ceramic samples grown by standard solid state reaction [20] have been investigated. According to X-ray diffraction the final amount of Sr were x = 0.022 and x = 0.032. A more precise estimate was obtained by detecting the orthorhombic-tetragonal transition in the Young modulus. The relationship of the transition temperature T 0 to the Sr amount was taken as T 0 (x) = 535[1 − (1/0.235)x] [14, 21] . From the step in the Young modulus (Fig. 1) at the transition, one obtains T 0 = 495 K and T 0 = 468 K, corresponding to the Sr amounts x = 0.019 ± 0.0015 and x = 0.030 ± 0.001 (hereafter called samples 2 and 3 percent). The structural transition in LSCO appears even sharper than in pure La 2 CuO 4 (where some broadening may be attributed to thermal de-oxygenation, which is less marked in Sr-doped compounds).
SQUID magnetization shows temperature behaviors typical of spin-glass systems. Small differences between the field cooled and zero-field cooled data below about 140 K have been attributed to magnetic impurities present in the powders used for the preparation. These impurities do not affect the 139 LaNQR and anelastic relaxation measurements.
